INTRODUCTION
Schizophrenia is a severe, disabling mental disorder with a lifetime risk in the general population of~1%. Family studies over many years have confirmed an increased risk in relatives of probands with the disorder (1) and the recurrence risk in siblings is~10 times the risk to the general population (λ s = 10). Schizophrenia has also been the focus of a large number of twin and adoption studies which have allowed the relative contributions of nature and nurture to be determined. The evidence here is relatively clear cut and compelling: shared genes rather than shared environments underlie the familial aggregation of the disorder (2) . As yet unspecified non-shared environmental factors seem to play a role, but twin and adoption studies have revealed a substantial genetic contribution with even conservative estimates of heritability >60% (3, 4) . Twin and adoption studies have also shown that schizophrenia shares familial, and probably genetic, liability with a range of other psychotic illnesses (5, 6) and personality disorders, such as schizotypal personality disorder (7) , collectively known as schizophrenia spectrum disorders.
Studies on the recurrence risks in various classes of relative allow us to exclude the possibility that schizophrenia is a single gene disorder or collection of single gene disorders even when incomplete penetrance is taken into account. Rather, the mode of transmission is complex and non-Mendelian (8) . The commonest mode of transmission is likely to be oligogenic, polygenic or a mixture of the two (1, 9) . However, the number of susceptibility loci, the disease risk conferred by each locus and the degree of interaction between loci all remain unknown. The contribution of individual genes to the familiality of a disorder can be expressed in terms of the locus-specific λ s , i.e. the relative risk to siblings resulting from possession of the disease allele (10) . Risch (10) has calculated that the data for schizophrenia are incompatible with the existence of a single locus of λ s > 3 and, unless extreme epistasis exists, models with two or three loci of λ s ≤ 2 are more plausible. Despite these uncertainties, the strength of the genetic effect makes schizophrenia a compelling candidate for molecular genetic approaches.
The most appropriate approach to detecting susceptibility genes of moderate effect in complex disorders is by allele sharing linkage methods in large samples of nuclear families (11) (12) (13) . We report here the results of a systematic search for linkage in 196 affected sibling pairs (ASPs) with schizophrenia. Based on a cost function analysis (14) , we adopted a highly efficient twostage procedure for genotyping, which greatly increased the ratio of power to number of genotypes. Stage 1 consisted of genotyping 97 ASPs, without parents or unaffected sibs, using a fairly loose grid of 229 microsatellite markers with an average inter-marker distance of 17.26 cM. Liberal statistical criteria for identification of regions of interest were used taking multipoint lod scores that corresponded to a nominal P-value of 0.05 or less. This resulted in the identification of seven regions for further follow-up. In stage 2, a series of much finer grids with inter-marker distances of 5 cM were studied in the seven regions identified in stage 1 using a total sample of 196 ASPs (consisting of the 97 from stage 1 plus a further 99) and including parents and affected siblings, where available. Genome-wide significance levels (15) were calculated from detailed simulation studies of our entire two-stage procedure. As well as obtaining evidence for linkage as measured by the multipoint maximum lod score, we also undertook exclusion mapping to determine what effect sizes at each point on the genome were consistent with the observed marker data. Genetic effect sizes were specified using the parameter λ s (10) . This enabled us to determine whether a region with a low lod score was really inconsistent with a proposed genetic model or whether the study merely lacked power.
RESULTS
In stage 1 we typed 229 microsatellite markers with a mean heterozygosity of 0.78 (range 0.42-0.93) and an average marker density of 17.26 cM in 97 ASPs (average number of pairs genotyped 87.6, range 72-96). Multipoint affected sib pair analysis using MAPMAKER/SIBS identified a total of seven regions in stage 1 with a maximum lod score (MLS) at or above the level associated with a nominal pointwise significance of 5% (MLS ≥ 0.74). These peaks were on chromosomes 2q, 4p, 10q, 15q, 18p, 20q and Xcen.
In stage 2 we genotyped a further 54 markers with a mean heterozygosity of 0.77 (0.51-0.89) in our full sample of 196 (average number genotyped 175.52) ASPs together with their parents and unaffected siblings, where available (Table 1) . This allowed the regions on chromosomes 4, 10, 15, 18, 20 and X to be typed at an average spacing of 5.15 cM, while the region of interest on chromosome 2 was typed to 9.55 cM because of its size. Multipoint affected sib pair analysis was performed on the combined data set of the stage 1 and stage 2 samples, rather than treating stage 2 simply as a replication set (14) .
The results of simulation studies suggested that the power of this study was >0.95 to detect a susceptibility locus of λ s = 3 with a genome-wide significance of 0.05 (14) , but only 0.70 to detect a locus of λ s = 2 with the conservative assumption that a locus lies midway between two phase 2 markers.
A description of the families from which the 196 ASPs were drawn is presented in Table 1 . The results of the multipoint lod scores for both stage 1 and stage 2, together with the results of exclusion analyses based on a λ s of 3, 2 and 1.5 as calculated using MAPMAKER/SIBS are shown in Figure 1 . The results of single point analysis for markers typed in stage 2 with an IBD sharing ≥56% are presented in Table 2 . Under the assumption of no dominance variance we were able to exclude (lod score < -2.0) susceptibility genes with an effect of λ s = 3 and 2 from 82.8 and 48.7% of the genome, respectively, while genes with an effect size of λ s = 1.5 could only be excluded from 9.3% of the genome.
Our most significant result in stage 1 came from chromosome 10p24 (multipoint MLS = 2.26), but after typing a higher density of markers in stage 2 this region only achieved an MLS of 0.48. However, it contained the highest single point MLS of all markers genotyped in our stage 2 sample [D10S542 = 1.92; 62% IBD sharing using SPLINK when maximized over Holmans' 'possible triangle' (16) ]. The observed drop in the multipoint MLS was a result of lower sharing at the flanking markers.
Simulation studies of our entire two-stage procedure suggested that we would have expected to have obtained on average one multipoint MLS of 1.5 per genome scan in the absence of linkage. An MLS of 3 would have been expected only once in every 20 genome scans in the absence of linkage and thus corresponds to a genome-wide significance of 0.05. We obtained three peaks achieving a multipoint MLS >1.5 and, on this basis, the results on chromosomes 4, 18 and X can be considered to satisfy Lander and Kruglyak's definition of 'suggestive' linkage (15) . However, none of our findings approached a genome-wide significance of 0.05 corresponding to Lander and Kruglyak's definition of 'significant' linkage.
DISCUSSION
The two stage strategy that we employed required far fewer genotypes than would have been required had we screened the entire sample with markers at 5 cM intervals (70 000 genotypes compared with 300 000) and yet the power of the two approaches was comparable (we had 70 and 95% power to detect at a genome-wide 0.05 significance for λ s = 2 and 3, respectively, compared with~80 and 99% for a complete 5 cM genome screen). Thus, although the average marker interval in stage 1 was relatively high (17 cM), the use of a lax criterion for admission of a region to stage 2 ensured that power was not greatly compromised. Another noteworthy feature of our study is that it was designed to reduce the incidence of false positives. Thus we followed a predetermined study design and did not test for linkage with multiple definitions of the phenotype or multiple genetic models. Moreover, we performed simulation analysis according to our experimental design which allowed us to estimate the genome-wide significance of our results. Schizoaffective bipolar/schizoaffective depressed 2 1 3
Schizoaffective depressed/schizoaffective depressed 1 0 1 The absence in our results of any locus with overwhelming evidence of linkage suggests that no common genes of major effect are likely to exist for schizophrenia. Moreover, our exclusion mapping supports the observed recurrence risks in relatives (10) which suggest that schizophrenia is unlikely to result from genes of λ s > 3, but instead is more likely to result from the action of several or even many genes of moderate or smaller effect. While none of our regions studied in stage 2 reached statistical significance they cannot be entirely discounted, because if these regions contain susceptibility genes of only small to moderate effect then a much larger sample size than our 196 ASPs would be required to replicate these results through linkage.
We identified three regions with maximum lod scores which met the criteria defined by Lander and Krugylak as 'suggestive' (15) by having a probability of occurring by chance less than once per genome scan. While these regions on chromosomes 4, 18 and X fall far short of a level that warrants positional cloning, further families, including singleton cases, are currently being ascertained in order to replicate these findings.
The peak identified on 4p had a multipoint MLS of 1.73 at a region flanked by the markers D4S431 and D4S403. Furthermore, despite the high density of markers we were unable to exclude the presence of a gene of λ s = 3 from this region. This region has previously been implicated in a study of a sample of 24 families multiply affected with schizophrenia and related disorders. The overall MLS was 1.12 with D4S403 but an MLS of 1.96 was reported for this marker in a single family which contained cases of schizophrenia and schizoaffective disorder Finally, an independent study has reported an MLS of 2.0 from markers within this region in a sample of two large Danish pedigrees segregating bipolar affective disorder (19) . Most family studies have suggested that schizophrenia and bipolar disorder are genetically distinct (20, 21) . However, the two psychoses share many features in common and can be hard to distinguish clinically. Indeed, cluster analyses have suggested that there is a continuum between the two disorders in clinical terms (22) (23) (24) (25) and it is possible that they have susceptibility loci in common, perhaps with different alleles predisposing to each disorder. A 30 cM region on the X chromosome defined by the markers DXS1214 and DXS8083 yielded a multipoint MLS of 1.6. After stratification according to sex, the 93 brother-brother pairs contributed most of the allele sharing, with marker DXS993 yielding a single point MLS of 1.45 (67% IBD in the brother-brother pairs). There have been previous reports of modest lod scores between schizophrenia and markers in this region of the X chromosome but none of these has even achieved the threshold for suggestive genome-wide significance (26) (27) (28) . Moreover, interpretation of these findings is complicated by the evidence that this region of the X chromosome shows grandpaternal-specific transmission ratio distortion in males (29) . If this finding is confirmed it will mean that the null hypothesis of 0.50 alleles shared IBD in sibling pairs is no longer valid and make interpretation of linkage findings in this region problematical. However, linkage studies in some other disorders have not shown increased allele sharing in this region (30) (31) (32) (33) , which suggests that this may not be an important source of artefact in studies of this kind.
The final region to show suggestive evidence for linkage was on chromosome 18q near markers D18S450 and D18S487, which gave a multipoint MLS of 1.62. This region appears to coincide with the reports of suggestive linkage to schizophrenia and bipolar disorder by Merette et al. (34) (MLS = 3.18 for a combined sample of schizophrenia and bipolar affective disorder) and Ewald et al. (35) (MLS = 1.83 for bipolar affective disorder). Previous work by Schwab et al. (36) and colleagues has provided suggestive evidence for linkage on 18p22-21 in schizophrenia. While this region lay within the region of positivity obtained in stage 1 of our study, our stage 2 data were able to exclude a locus of λ s = 2 from this region. Schwab et al. also reported evidence in schizophrenia for transmission distortion of the 124 bp allele of an intronic CA repeat polymorphism in the gene encoding G-olf α on 18p22-21. This is located between D18S53 and D18S1114, in a region from which our data exclude a locus of λ s ≥ 1.5.
To date, most of the linkage studies looking for schizophrenia susceptibility genes have focused on large multiply affected families. Early studies of large families segregating schizophrenia and related phenotypes initially produced positive findings (37) , but unfortunately these could not be replicated. The reasons for this have become clear as data from systematic genome scans have accumulated; highly penetrant mutations causing schizophrenia are at best extremely rare and quite possibly non-existent (38) . The 'false positives' were due largely to a combination of multiple testing and the use of statistical methodology and significance levels derived from work on single gene disorders.
In spite of the failure to identify genes of major effect in multiply affected families, moderately significant evidence for linkage has been found in more than one dataset in several chromosomal regions. Areas implicated include chromosomes 6p24-22 (39, 40) , 8p22-21 (41) and 22q11-12 (42) , for which supportive data have also been obtained from international collaborative studies (43, 44) and more recent findings, including those on 13q14.1-q32 (45,46), 5q21-q31 (47,48), 18p 22-21  (36) and 10p15-p11 (49-51) . The strongest evidence for linkage comes from the findings on 6p24-22 and 13q14.1-q32, but even here the most compelling findings only just achieved genome-wide significance levels of 0.05 and in the case of 6p24-22 this does not survive correction for the use of multiple diagnostic models. Moreover, in no case has a clear pattern of replication emerged with both positive and negative findings reported for each region of interest. Indeed, we failed to find support for any of the above regions in the present study. We have already published data on 6p24-22 from our stage 1 sample using additional markers to those employed in the twostage genome screen reported here (52) . This failed to support findings of linkage in this area and excluded a gene of λ s = 3 from the entire region. Similarly, the region 13q14.1-q32 failed meet the criteria for inclusion in stage 2 of our genome screen (MLS ≥ 0.74). However, we were unable to exclude such a locus λ s ≥ 3 from this region. We are therefore currently studying data from a 5 cM grid of markers from this region typed in our full sample of 197 ASPs. It is also possible that we failed to demonstrate linkage in these regions because of heterogeneity. Susceptibility alleles of larger effect may be more common in other samples due to diagnostic, ethnic or geographical differences or because in many instances families containing multiple affected members were studied.
At the present time our findings and those from studies of multiply affected families (44, 46, 53, 54) support the predictions made by Risch (10) from genetic epidemiological data: it is highly unlikely that a commonly occurring locus of effect size λ s > 3 exists, but there is suggestive evidence implicating a number of regions which is consistent with the existence of at least some susceptibility alleles of moderate effect (λ s = 1.5-3). Simulation studies predict that true linkages may be hard to replicate under oligogenic inheritance (55) , unfortunately in no case is the statistical evidence for linkage in schizophrenia yet sufficiently compelling nor the putatively linked areas circumscribed enough to warrant large-scale efforts aimed at cloning disease genes and some or possibly all these findings could be false positives. Allele sharing methods are robust, requiring no assumptions about the mode of transmission. They can also detect genes of small effect, of the magnitude possibly operating in schizophrenia (λ s = 1.5-3) in sample sizes that are realistic (600-800 ASPs) (56,57) but considerably larger than those used to date. Therefore, the current challenge for psychiatric genetics is to collect adequately sized samples using a uniform, robust and reliable clinical methodology.
MATERIALS AND METHODS

Families
Families in which two or more siblings met criteria for DSMIV schizophrenia or schizoaffective disorder (58) were ascertained through mental health services and relatives' support groups in England, Wales, Scotland and Southern Ireland. Any ASPs with diagnoses of schizoaffective bipolar/schizoaffective bipolar were excluded. The sample comprised 327 individuals, grouped as 196 sibling pairs (138 pairs, 14 sibships with three affected, one sibship with four affected and one with five affected). The gender distribution was 216 males and 111 females. All individuals were Caucasian and had been born in the UK or Eire. The mean age at interview was 40.46 years. Sibling pairs that had missing parental genotypes were checked for being half-sibs using the program RELATIVE (59).
Diagnosis
Consensus diagnoses were made by two independent, trained raters (G.McC., R.D.S., A.G.C., L.A.J., K.C.M. or M.Y.G.) based on all available clinical information including a semistructured interview [PSE-9 (60) or SCAN (61)], examination of case notes and information from relatives and mental health professionals. All interviews were conducted by psychiatrists and psychologists after written consent was obtained following local ethical approval guidelines. Vignettes were prepared on background, interview and case note data.
Clinical information was collated using the OPCRIT checklist (62), the Scales for the Assessment of Positive and Negative Symptoms (SAPS/SANS) and the Global Assessment Scale (GAS). The rating scales were completed by the interviewer and individual members of pairs were rated by separate raters in 69.4% of cases. Each case was separately rated by two independent raters and a consensus diagnosis was reached. If there were any discrepancies the case was brought to a full team meeting so consensus could be reached or the case was excluded. Forty cases were rated against consensus for each rater to obtain their κ score reliability. Inter-rater reliability for diagnosis was excellent, with an average κ score of 0.9 for all raters for the duration of the study.
Markers
All markers were simple sequence repeats. The great majority were dinucleotide repeats (n = 276) with a small number of trinucleotide (n = 2) and tetranucleotide (n = 2) repeats. Most (n = 140) were drawn from the index set developed by Reed et al. (63) with further markers being derived from the Genethon (http://www.genethon.fr ) (n = 138), Co-operative Human Linkage Centre (http://www.chlc.org/ ) (n = 2) and Marshfield (http://www.marshmed.org ) (n = 3) human genetic linkage maps (64, 65) . The order of markers in stage 2 was checked by searching for possible double recombinants using Genehunter 2.0 (66) and the estimated inter-marker distances used for multipoint linkage analysis.
Genotyping
After informed consent, blood samples were collected and DNA extracted by standard procedures. When a blood sample could not be obtained, DNA was extracted from 25 ml of saline mouthwash samples by centrifugation at 2000 g for 5 min followed by incubation with 50 mg/ml proteinase K and 10% SDS at 50°C for 12 h. The DNA was then isolated by standard phenol/chloroform extraction. PCR was performed in 12 µl reaction volumes containing 48 ng of genomic DNA, 5 pmol of each primer, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 200 µM dNTPs and 1 U Taq polymerase (Amersham Life Science). All PCRs were performed on Hybaid Omnigene thermocyclers with an initial denaturation stage at 94°C for 5 min followed by 30 cycles (30 s at 94°C, 30 s at 52-68°C, 30 s at 72°C) and a final extension step at 72°C for 10 min. Reactions for each marker were performed separately, with products being multiplexed into size-specific sets prior to gel electrophoresis. Markers were fluorescently labelled and typed on ABI373 sequencers using the Genescan and Genotyper software (Applied Biosystems). Seventeen markers were amplified using the conditions described above with radioactively 33 P-labelled 5' primers. Radioactive PCR products were resolved on 6% denaturing polyacrylamide gels (Sequagel-6; National Diagnostics) and then autoradiographed for 24 h (BioMax MR-1; Kodak). The subsequent sizes of the alleles were determined by comparison with an M13mp18 sequencing ladder. All genotype and phenotype data was stored in MegaBase (67), which was also used to code the allele sizes into whole numbers, check the genotypes for non-Mendelian inheritance and produce the appropriate files for linkage analysis.
Statistical analysis
The program SPLINK (68) used maximum likelihood methods to calculate the single point lod scores for each marker, which were maximized under the 'possible triangle' restrictions (15) . Multipoint analyses were performed using the MAPMAKER/ SIBS package (69) , which calculates the MLS at each point in the genome by estimating the maximum likelihood sharing probabilities (IBD) for each sib pair. For the pairs which had both parents missing the allele frequencies influence the inferred sharing and if specified incorrectly they can increase the chance of false positive results. We used the allele frequencies estimated by SPLINK from our dataset using maximum likelihood methods. In addition, we used MAPMAKER/SIBS to perform exclusion mapping for genes with a λ s of 3, 2 and 1.5. A disease locus of fixed effect was placed at each point on the genome in turn and the multipoint lod score calculated. Lods < -2 were taken as evidence that a disease locus at that position with that effect size (or greater) was inconsistent with the data. Genetic effect sizes were specified using the parameter λ s (10).
Calculation of genome-wide significance levels
Replicates of the genome were simulated under the null hypothesis of there being no disease susceptibility locus for a sample of families identical in structure to the full (stage 2) sample. The marker map used was defined as follows: loci present in the stage 1 or stage 2 analyses of the actual dataset were included in their actual locations, with their observed allele frequencies. Since regions testing positive in stage 1 in the simulated data will not necessarily correspond to those observed in the real data, a stage 2 map was approximated for the regions of the genome not implicated in our actual stage 2 analyses by simulating loci with four equifrequent alleles (heterozygosity = 0.75) in locations which split the distances between existing stage 1 marker loci into equal segments of 4-7 cM. For example, if the inter-marker distance was 12 cM, one extra locus would be added, giving two intermarker distances of 6 cM each. If the distance was 15 cM, two extra loci would be added, giving three distances of 5 cM each.
Analyses were performed as follows. The individuals and marker loci actually typed in stage 1 were extracted from each replicate simulated genome and analysed using MAPMAKER/ SIBS, to produce a stage 1 analysis. The entire simulated dataset was then analysed using MAPMAKER/SIBS to approximate a stage 2 analysis. The locations of each region of the genome giving a stage 1 lod of 0.7 or greater were determined. The stage 2 lod scores for all locations within a given region were examined and the 'peak' approximated by the highest of these scores. This procedure was repeated on 1000 simulated genomes and the expected number of hits at a given lod score level approximated by the average number of simulated stage 2 peaks reaching or exceeding that level per genome.
A similar method was used to calculate power. Since power to detect a disease locus of given size will depend upon where that locus was in relation to the actual stage 1 map, an approximation was made by assuming that each marker had four equifrequent alleles. A 20 cM grid was used in stage 1 and a 5 cM grid in stage 2. The disease locus was placed midway between stage 2 marker loci, 7.5 cM from the nearest stage 1 marker locus. This was intended to represent the most unfavourable position for detection of linkage and, therefore, to give a conservative estimate of true power. Power was estimated as the proportion of replicates giving both stage 1 and stage 2 lods at the position of the disease locus which satisfied the respective criteria.
